Background {#Sec1}
==========

Crop yield is essential in agriculture and therefore a major selection criterion in any crop breeding program. New cultivars with higher yield per area unit are required for producing enough food for a growing world population under limited availability of arable land. Other than in cereals, a high portion of the total yield of root and tuber crops (root or tuber weight per plant, per plot or area unit) consists of water. In case of the cultivated potato (*Solanum tuberosum* L.), the dry matter content of the tubers ranges from about 18 to 26% of the total yield. The main component is the glucose polymer starch \[[@CR1]\] which accounts for approximately 80% of the dry matter. Next to starch, the sugars sucrose, glucose and fructose make up between 0.7% and 10% of the fresh weight \[[@CR2]\]. Starch and sugars are interconverted in dormant tubers in response to environmental signals such as the storage temperature \[[@CR3]\]. The tuber starch content (TSC) in percent of the total tuber weight is an important quality measure. It has an optimal range for different end uses of the potato crop such as direct consumption (10--17%), processing (14--20%) and industrial starch production (up to 25%). Tuber starch yield (TSY), that is the arithmetic product of the total yield and the percentage of starch, is a particularly relevant parameter for the production of industrial potato starch for multiple purposes \[[@CR4]\]. Tuber yield (TY), starch content (TSC) and starch yield (TSY) are therefore decisive characters for the development of new potato varieties for different end uses.

The natural variation of tuber yield and starch content, and consequently of starch yield, depends on multiple genetic and environmental factors. The development of stably high yielding cultivars with optimal tuber starch content and several other quality criteria requires multiple year and location trials. Tuber starch content is reliably estimated by determining the tuber specific gravity via the under water weight, which is linear correlated with dry matter and starch content \[[@CR5]\]. The assessment of tuber yield by weighing is simple but unreliable in the early stages of selection due to an insufficient number of tubers for conducting replicated field trials. Sufficient tuber numbers become available only after several years of vegetative multiplication. Dissection and molecular identification of the genetic factors that underly the natural variation of tuber yield and starch content facilitates the identification of superior allele combinations in parents as well as progeny by diagnostic DNA-based markers. Prudent use of diagnostic markers can increase the selection efficiency by identifying optimal parental combinations and reducing the number of progeny to be assessed in the field (precision breeding).

During the last twenty five years, linkage mapping of quantitative trait loci (QTL) for tuber yield and starch content (or specific gravity or dry matter), using various types of DNA-based markers, has been performed in a number of diploid and tetraploid, in intra- as well as interspecific potato families comprising between 50 and 230 full sib clones \[[@CR6]--[@CR11]\]. Irrespective of the marker density, which ranged from very low genome coverage with restriction fragment length polymorphism (RFLP) markers to high genome coverage with amplified fragment length polymorphism (AFLP) or single nucleotide polymorphism (SNP) markers, one to two QTL per chromosome and trait were distinguished. When tuber yield and starch content were evaluated in the same family, QTL for both traits were in several cases detected by the same markers, suggesting that the underlying genes are physically tightly linked, or alternatively, the same genes have pleiotropic effects on both traits, e.g. \[[@CR6], [@CR11]\]. Between two and eight QTL for tuber yield were mapped per family. The most consistent QTL for tuber yield in different genetic backgrounds were located on potato chromosomes I, II, V, VI and XII. In the case of tuber starch content, from one to sixteen QTL were dissected per family, which were distributed on all twelve potato chromosomes (summarized in \[[@CR12]\]). The QTL with the largest effects on both tuber yield and starch content were located on potato chromosome V. The genetic resolution was low in these linkage studies, and the diagnostic power of QTL linked markers in genetic materials other than the experimental family used for QTL mapping was not further assessed in most cases.

Association mapping in populations of individuals related by descent increases the genetic resolution, as it takes advantage of recombination events over multiple meiotic generations in multiple parents \[[@CR13]\]. Association mapping in populations of cultivars from advanced breeding programs has the advantage that markers can be obtained, which have diagnostic value in a wide genetic background suitable for variety development. In the cultivated potato, association analysis of tuber traits, among others tuber yield, starch content and starch yield, was performed during the last decade in populations comprising between 150 and 300 tetraploid varieties and breeding clones \[[@CR12], [@CR14]--[@CR21]\]. Most of these association studies were based on the candidate gene approach, meaning that genotyping was targeted at known genes selected in a functional context. Populations were genotyped for DNA variants in genes that function in starch and sugar metabolism \[[@CR12], [@CR14]--[@CR18], [@CR20], [@CR22]\], in enzymatic discoloration upon mechanical impact (tuber bruising) \[[@CR18]\] and in genes resulting from comparative protein profiling of tubers with contrasting sugar content \[[@CR21]\]. Thirty nine candidate loci showed DNA marker trait associations mostly with tuber starch content, several of those also with starch yield and only few with tuber yield. One association study in two variety panels used as markers more than three thousand untargeted AFLP markers. In this study four and eleven loci were found that were associated with underwater weight (indicative of tuber starch content) \[[@CR19]\].

The candidate gene approach was appropriate for association mapping of tuber starch content because the biochemistry and molecular genetics of starch metabolism is well understood in plants including the potato. Many genes encoding enzymes and transporters functional in carbohydrate metabolism have been cloned, sequenced and functionally characterized \[[@CR23], [@CR24]\]. The candidate gene approach is less suitable though for the identification of diagnostic markers for tuber yield, as numerous, mostly unknown metabolic, regulatory and developmental processes have a potential influence on this highly complex trait. Examples for processes affecting tuber yield are carbon and energy supply \[[@CR25]--[@CR27]\] and tuberisation control \[[@CR28]--[@CR30]\]. Nevertheless, allelic variants of ten genes functional in carbohydrate metabolism, enzymatic discoloration or tuberisation were found to be associated with tuber yield and in some cases also with starch yield \[[@CR12], [@CR14], [@CR17], [@CR18]\].

Recently, new potato genomic resources became available, which allow a more comprehensive approach to the dissection of QTL and possibly the identification of the causal genes. The annotated genome sequence provides physical maps of the twelve potato chromosomes, to which any QTL can be anchored by means of linked or associated sequence based markers \[[@CR31], [@CR32]\]. This allows comparisons between QTL mapping experiments in different genetic backgrounds and integration of the results. A first 8.3 K SNP chip allows the genotyping of 8303 genome wide SNPs including the allele dosage in tetraploid potato \[[@CR33]--[@CR38]\]. Moreover, next generation sequencing technologies make SNP genotyping by sequencing possible, for example by restriction-site associated DNA sequencing (RADseq) \[[@CR39], [@CR40]\].

In this paper we address the question of the number and physical position of QTL for tuber yield, starch content and starch yield based on genome wide SNP genotyping of tetraploid potato cultivars using both RAD sequencing and the 8.3 K SolCAP SNP array \[[@CR38]\]. We compare the results obtained with these two genotyping methods in the same three case-control populations, which were selected for having contrasting phenotypic means of tuber yield, starch content and starch yield. The results of the case-control studies are compared with the results of a genome wide association study (GWAS) using the SolCAP SNP chip, for tuber starch content in an independent population of cultivars. We also assess the reproducibility of diagnostic markers identified in previous association studies based on the candidate gene approach. In addition, we report novel candidate genes for tuber yield, starch content and starch yield.

Methods {#Sec2}
=======

Plant material and phenotypes {#Sec3}
-----------------------------

Two populations of tetraploid varieties and breeding clones were used for association mapping. The QUEST population consisted of 264 varieties and breeding cloness, which were evaluated in Northern Spain in two years at two locations for tuber yield (TY), starch content (TSC) and starch yield (TSY) \[[@CR12]\]. A subset of 90 genotypes of the QUEST population was selected for SNP genotyping with the 8.3 k SolCAP potato SNP array and by RAD sequencing, based on the phenotype of TY, TSC and TSY (Additional file [1](#MOESM1){ref-type="media"}). The PIN184 population comprised 184 tetraploid breeding clones and is described in \[[@CR41]\]. This population was evaluated in Northern Germany in three years at two locations for tuber starch content (TSC) measured by specific gravity \[[@CR42]\]. Adjusted entry means for TSC, TY and TSY were calculated as described \[[@CR12], [@CR41]\] and are used throughout in this study.

RAD library preparation and sequencing {#Sec4}
--------------------------------------

Ninety six RAD (Restriction site Associated DNA) libraries for paired-end sequencing were prepared from 90 QUEST genotypes and six duplicate genotypes according to Etter et al. \[[@CR43]\] with modifications according to Bus et al. \[[@CR44]\]. In brief, 2 μg genomic DNA of each genotype were restricted with *Kpn*I. The 96 libraries were individually barcoded with a custom made P1 adapter, which was ligated to the *Kpn*I cut sites. Adapter ligations were incubated at 16 °C overnight. The barcodes were designed to be separated from each other by at least six mutational steps. The 96 libraries were then pooled into two samples comprising 48 genotypes each. The two samples were sheared by ultrasound and DNA fragments of 300 to 400 bp were extracted after size separation from 1.5% agarose gels. An A-overhang was added to the blunt ends and the common P2 adapter was ligated as before to the template. P1 and P2 adapters were kindly provided by Anja Bus and Benjamin Stich (MPI for Plant Breeding Research). After a PCR (polymerase chain reaction) enrichment step, a second size selection of 300--400 bp fragments was performed. Sample quality was assessed on a 2100 Bioanalyzer (Agilent Technologies, Böblingen, Germany). The two samples were custom sequenced in two lanes of an Illumina HiSeq2000 system at the Max-Planck Genome Centre Cologne using GAIIx chemistry.

Sequence analysis and SNP detection after RAD sequencing {#Sec5}
--------------------------------------------------------

Paired-end reads were combined from both sequencing lanes and sorted according to the barcode, allowing maximally one mismatch. No mismatch was allowed at the restriction site. The sequences were mapped against the potato genome sequence (version v2.1.11, 32\] using the Bowtie software package version 0.12.8 with default settings \[[@CR45]\]. Reads that did not map to a unique genomic position were excluded from further analysis. The sequence reads of individual genotypes were assigned to the three case-control populations for TSC, TY and TSY. Further analysis was performed with the sequence reads pooled for cases and controls. Bi-allelic SNPs were called within case-control populations using the Genome Analysis Toolkit GATK \[[@CR46]\]. Fisher's exact test was implemented with a custom-made Perl script to test wether the allele frequencies of a biallelic SNP differed between a pair of genotype pools with contrasting phenotypic means. FDR (false discovery rate) values were obtained with Bonferroni's correction for multiple testing and SNPs significant at FDR \< 0.05 were selected. The SNPs in annotated loci were obtained by combining the SNP genomic positions (pseudomolcules version v2.2.11) with the annotation file of the potato genome sequence \[[@CR32]\]. Non-synonymous SNPs were identified with the software package SnpEff \[[@CR47]\].

Genome wide genotyping with the SolCAP SNP array {#Sec6}
------------------------------------------------

Genomic DNA was extracted from freeze dried leaf tissue as described \[[@CR12], [@CR41]\]. DNA samples were diluted to 50 ng/μl AE-buffer (10 mM Tris-Cl, 0.5 mM EDTA, pH 9.0). The same 90 QUEST genotypes as used for RAD sequencing plus six technical replicates and the complete PIN184 population were custom genotyped with the Infinium 8303 potato array (8.3 k SolCAP SNP array) at the Life & Brain Center (Department of Genomics, Bonn, Germany) on an Illumina iScan system, applying the Infinium assay. The genotypes of bi-allelic SNP markers in the PIN184 population were called using the software package 'fitTetra' \[[@CR48]\]. The package was run using the function fitTetra with the option try. HW = F. SNP genotypes were assigned manually to the 96 QUEST genotypes using GenomeStudio software version 2011.1 (Illumina). One of the five possible genotypes (*AAAA, AAAB, AABB, ABBB, BBBB*) was assigned to each individual for each SNP. The quality of the genotype clusters of differential/associated SNPs was visually examined a posteriori with GenomeStudio software version 2011.1 (Illumina) and very low quality SNPs were discarded. To detect SNPs with differential allele frequency in the QUEST case-control populations, Pearson's goodness-of-fit test (chi-square test) was applied to test the null hypothesis that the allele frequencies of a bi-allelic SNP in a pair of genotype pools with contrasting phenotypic means were equal. The null hypothesis was rejected at the significance level α \< 0.01. The chi-square tests were performed using SAS software (version 9.1). Duplicates of six QUEST genotypes were included in the analysis. For each genotype duplicate Pearson's correlation coefficient between all genotypic data was calculated to assess the technical repeatability of the genotyping method.

SNP detection by amplicon sequencing and pyrosequencing {#Sec7}
-------------------------------------------------------

PCR amplification of genomic fragments, amplicon sequencing, pyrosequencing, SNP detection and scoring were performed as described previously \[[@CR12], [@CR49]\]. Amplicon sequences, primer sequences and annealing temperatures are provided in Additional file [2](#MOESM2){ref-type="media"}.

Association analysis {#Sec8}
--------------------

In the QUEST population, association analysis of SNPs in candidate genes was performed as described in Schönhals et al. \[[@CR12]\] using a mixed linear model which included kinship and population structure. Kinship and population structure were calculated based on the marker data of 183 microsatellite alleles at 29 loci distributed on the twelve potato chromosomes. In the PIN184 population, genome wide association analysis of SolCAP SNPs was performed using the kinship model K1 (a mixed linear model) described in Mosquera et al. \[[@CR36]\]. The kinship matrix was calculated based on the genotypes of 241 SolCAP SNPs that were selected for equal distribution on the twelve potato chromosomes.

Results {#Sec9}
=======

Case-control populations for tuber starch content (TSC), yield (TY) and starch yield (TSY) {#Sec10}
------------------------------------------------------------------------------------------

Based on the adjusted means for TSC, TY and TSY of 264 genotypes of the QUEST population \[[@CR12]\], ninety genotypes were selected in order to assemble genotype groups with most contrasting phenotypic means (case-control populations). The same genotype could be member of more than one group (Fig. [1](#Fig1){ref-type="fig"}, Additional file [1](#MOESM1){ref-type="media"}). Each of the case-control populations for TSC and TY consisted of two groups of 24 genotypes with high (cases) and low (controls) mean values of TSC and TY. The case-control population for TSY consisted of 21 genotypes with high TSY (cases) and 24 genotypes with low TSY (controls). The mean phenotypic differences between the HIGH and LOW groups were highly significant (*p* \< 0.001). The two groups selected for TSC differed also for TSY (*p* \< 0.001) but not for TY (*p* = 0.732), the groups selected for TY differed also for TSY (*p* \< 0.001) but not for TSC (*p* = 0.576), whereas the groups selected for TSY differed also for TSC and TY (*p* \< 0.001).Fig. 1Box plots of the QUEST case-control populations for TSC, TY and TSY

SNPs with differential allele frequencies in QUEST case-control populations obtained by RAD sequencing (RADseq) {#Sec11}
---------------------------------------------------------------------------------------------------------------

The case-control populations for TSC, TY and TSY were genotyped by RAD sequencing (European Nucleotide Archive (ENA): Study accession No. PRJEB10900, <http://www.ebi.ac.uk/ena/data/view/PRJEB10900>). SNPs were identified by mapping the sequence reads to the potato genome sequence. SNP allele frequencies were estimated after pooling the data of the HIGH and LOW groups for TSC, TY and TSY. The results are summerized in Table [1](#Tab1){ref-type="table"}. Of approximately 600,000 SNPs detected in each case-control population, 10.2%, 7.7% and 3.4% showed differential allele frequencies (FDR \< 0.05) between the case-control populations for TSC, TY and TSY, respectively (Table [1](#Tab1){ref-type="table"}: data filtering criteria 1 and 2). Further analysis was restricted to 25,501 SNPs with differential allele frequencies (FDR \< 0.05) in 6664 annotated genes (Table [1](#Tab1){ref-type="table"}: data filtering criteria 3 and 4, Additional file [3](#MOESM3){ref-type="media"}). Eighty percent of the annotated genes (5333) contained two or more differential SNPs, predominantly for TSC and TY, and 34% of these genes (1799) contained multiple SNPs differential for TSC, TY and TSY singularly and combinations thereof (see below). Eighteen percent of the differential SNPs (4668, FDR \< 0.05) caused amino acid changes in 2308 deduced proteins (Table [1](#Tab1){ref-type="table"}: data filtering criteria 5 and 6). Stringent filtering of the data for differential SNPs with FDR \< 0.0001 and causing amino acid changes resulted in 582 SNPs in 450 genes (Table [1](#Tab1){ref-type="table"}, data filtering criterion 7, genes are highlighted green in Additional file [4](#MOESM4){ref-type="media"}). One or more differential SNPs with FDR \< 0.001 were present in 3144 genes (Table [1](#Tab1){ref-type="table"}: data filtering criterion 8, Additional file [4](#MOESM4){ref-type="media"}). The distribution of the positions of the corresponding loci on the physical chromosome maps (Additional file [5](#MOESM5){ref-type="media"}) showed that the majority of 0.5 Mbp intervals contained none, one or two genes with differential SNPs, particularly in the central, gene poor regions of the chromosomes. The number of genes per 0.5 Mbp increased toward distal, gene rich chromosomal regions. On top of this general distribution of genes in the potato genome \[[@CR32]\], 449 0.5 Mbp intevals with 3 to 17 genes were observed (31% of all 0.5 Mbp intervals), which were fused into 204 peaks between 0.5 and 4 Mbp wide (Additional file [5](#MOESM5){ref-type="media"}). The frequency distribution of the 3144 loci on the physical maps of the twelve potato chromosomes at the resolution of 0.5 Mbp is shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} (chromosomes c). With few exceptions, where peaks included differential SNPs only for TSC and TY, the peaks included differential SNPs for all three traits. The 27 most prominent peaks included between 10 and 17 genes per 0.5 Mbp (highlighted yellow in Additional file [5](#MOESM5){ref-type="media"}).Table 1Summary statistics of differential SNPs and their corresponding genes identified by RAD sequencingData filtering criteriaTotal No.TSCTYTSYTSC and TYTSC and TSYTY and TSYTSC, TY and TSY1. Total No. of SNPsnd579,352601,837598,703ndndndnd2. No. of SNPs with differential allele frequency (FDR \< 0.05)nd58,85046,54220,402ndndndnd3. No. of SNPs with differential allele frequency in annotated genes (FDR \< 0.05)25,50110,98656602207300566523306484. No. of annotated genes with differential SNPs (FDR \< 0.05)66641456654218157543053217995. No. of SNPs with differential allele frequency in annotated genes causing amino acid changes (FDR \< 0.05)4668199310434035371354331246. No. of annotated genes with differential SNPs causing amino acid changes (FDR \< 0.05)2308378146436221621687897. No. of SNPs with differential allele frequency in annotated genes causing amino acid changes (FDR \< 0.0001)582310148584012328. No. of annotated genes with at least one differential SNP with FDR \< 0.001314443181138421942571326*nd* not determined Fig. 2Physical maps of potato chromosomes I to VI. The maps are based on the pseudomolecules version 4.03 \[[@CR31]\], which are represented as vertical bars. Chromosomes **a:** to the left are shown as horizontal blue lines the positions of the genes detected by association of SolCAP SNPs with TSC in the PIN184 population (details in Additional file [9](#MOESM9){ref-type="media"}). To the right are shown as horizontal blue lines the positions of the genes tagged by SolCAP SNPs with differential allele frequency in the QUEST case-control population for TSC (details in Additional file [8](#MOESM8){ref-type="media"}). The length of the lines is proportional to the *p* value. The scale (− log10(p)) is shown on top of the chromosome maps. Chromosomes **b**: To the left are shown as horizontal red lines the positions of the genes tagged by SolCAP SNPs with differential allele frequency in the QUEST case-control population for TY. On the right are shown as horizontal green lines the positions of the genes tagged by SolCAP SNPs with differential allele frequency in the QUEST case-control population for TSY; otherwise as in chromosomes **a** (details in Additional file [8](#MOESM8){ref-type="media"}). The numbers between chromosomes **a** and **b** indicate the positions of the 46 genomic regions, where QTL for TSC detected by GWAS in the PIN184 population overlap with QTL for TSC, TY and TSY detected by differential SNPs in the QUEST case-control populations (details in Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}). Chromosomes **c**: To the left is shown as horizontal purple lines the frequency distribution of 3144 genes with differential RADseq SNPs, at least one with FDR \< 0.001 (Table [1](#Tab1){ref-type="table"}), in the QUEST case-control populations. The scale (No. of genes per 0.5 Mbp) is shown on top of the chromosome maps (details in Additional files [4](#MOESM4){ref-type="media"} and [5](#MOESM5){ref-type="media"}). To the right are shown the positions of 71 genes with RADseq SNPs differential in all three case-control populations and with unidirectional effect on TSC, TY and TSY (Table [2](#Tab2){ref-type="table"}). They are identified by the last five digits of the PGSC0003DMG locus number. Included are here also the positions of the eleven candidate genes with differential SNPs that were tested for association in the whole QUEST population (indicated by \*) (Table [3](#Tab3){ref-type="table"}), and the positions of 14 candidate genes (underlined) associated with TSC, TY or TSY in previous association studies that were also detected in the QUEST case-control populations (Table 6). The approximate position of *PHO1A* on the short arm of chromosome III, which is not included in pseudomolecules version 4.03, is also shown Fig. 3Physical maps of potato chromosomes VII to XII. See Fig. [2](#Fig2){ref-type="fig"} for details

Twenty three percent (6000) of the SNPs had differential allele frequencies in two case-control populations, in TSC and TY (3005), TSC and TSY (665) or in TY and TSY (2330) (FDR \< 0.05) (Table [1](#Tab1){ref-type="table"}: data filtering criterion 3, Additional file [6](#MOESM6){ref-type="media"}). The 3005 SNPs with differential allele frequencies in both the TSC and TY case-control populations showed antagonistic effects: the allele frequency in the HIGH-TSC and LOW-TY population was higher compared with the LOW-TSC and HIGH-TY population, and vice versa. This indicated that the allele with a positive effect on TSC was compromised by a negative effect on TY and vice versa. SNPs with differential allele frequencies in both TSC and TSY, and both TY and TSY case-control populations showed the same direction of effect. This was to be expected as TSY is derived from TSC and TY. Six hundred and forty eight SNPs in 468 genes showed differential allele frequencies in all three case-control populations (Additional file [7](#MOESM7){ref-type="media"}). In the majority of these cases, a positive effect of the SNP allele on TY and TSY was also confounded by a negative effect on TSC and vice versa. Importantly, the alleles of 88 SNPs in 71 genes showed the same or a neutral direction of effect on all three traits (highlighted green in Additional file [7](#MOESM7){ref-type="media"}). The positions of these 71 genes on the physical chromosome maps are shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"} (chromosomes c). Twenty six of the 88 SNPs in 18 genes caused amino acid changes (Table [2](#Tab2){ref-type="table"}).Table 2Differential RADseq SNPs causing amino acid changes with unidirectional allele effect on TSC, TY and TSY in QUEST case-control populationsSNP position (v2.1.11)Amino acid changeLocus PGSC0003Locus position \[Mbp\] (v4.03)AnnotationFunction categorychr01:37,823,297G/RDMG400036984chr01: 42.92Gene of unknown functionUnknownchr01:63,201,542M/KDMG400025974chr01: 70.21EF hand family proteinCalcium binding (IPR002048)^a^chr01:63,201,571K/NDMG400025974chr01: 70.21EF hand family proteinditochr01:63,201,582V/FDMG400025974chr01: 70.21EF hand family proteinditochr01:76,804,110G/RDMG400025760chr01: 83.89Homeobox protein HAT3.1Transcription regulation (uniprot/Q04996)^b^chr01:78,272,215H/YDMG400025931chr01: 85.36GTP-binding protein alpha subunit, gnaSignalling \[[@CR59]\]chr01:78,272,224Y/DDMG400025931chr01: 85.36GTP-binding protein alpha subunit, gnaditochr02:46,113,238R/GDMG400012646chr02: 47.66Conserved gene of unknown functionUnknownchr05:4,555,061D/GDMG400018440chr05: 4.78Conserved gene of unknown functionUnknownchr05:5,636,330S/FDMG400017641chr05: 5.99Conserved gene of unknown functionUnknownchr06:47,805,636C/GDMG402027033chr06: 53.48Zinc finger family proteinMultiple regulatory functions \[[@CR60]\]chr07:872,052I/LDMG400011219chr07: 1.53Tetratricopeptide repeat proteinProtein-protein interactions, complex assembly (IPR013026)chr07:872,053I/NDMG400011219chr07: 1.53Tetratricopeptide repeat proteinditochr08:5,319,820L/FDMG400005778chr08: 4.84NADPH-dependent thioredoxin reductase BDefense to stress \[[@CR61]\]chr10:1,920,325A/SDMG400025036chr10: 1.91Nucleic acid binding proteinUnknownchr11:3,818,033T/IDMG400016135chr11: 2.31Tyrosine phosphatasePosttranlational regulation \[[@CR62]\]chr11:9,422,323V/LDMG400044200chr11: 9.48Gene of unknown functionUnknownchr11:36,440,960I/LDMG400000457chr11: 39.25Lethal leaf spot 1Chlorophyll catabolism, cell death \[[@CR63]\]chr11:36,440,962S/NDMG400000457chr11: 39.25Lethal leaf spot 1ditochr12:50,607,969M/VDMG400041652chr12: 52.23Microsomal oleic acid desaturaseLipid metabolismchr12:50,608,022Q/HDMG400041652chr12: 52.23Microsomal oleic acid desaturaseditochr12:50,526,275D/NDMG400011613chr12: 52.32ABC transporter family proteinTransport \[[@CR64]\]chr12:51,537,813E/GDMG400004984chr12: 53.87Conserved gene of unknown functionUnknownchr12:58,658,881P/SDMG400023861chr12: 60.72Extensin Ext1Cell wall \[[@CR57]\]chr12:58,658,917E/KDMG400023861chr12: 60.72Extensin Ext1ditochr12:58,658,927S/LDMG400023861chr12: 60.72Extensin Ext1dito^a^Entry in the InterPro database (<http://www.ebi.ac.uk/interpro/>)^b^Entry in the uniprot database (<http://www.uniprot.org>/)

Based on the annotation, the function of 25% of all genes with differential SNPs was unknown. Besides that, the most frequent functional categories represented by multiple genes with differential SNPs were: signal perception and transduction (receptors, protein kinases and phosphatases, calmodulin binding proteins), transcriptional regulation (transcription factors), protein synthesis (e.g. ribosomal proteins, translation initiation factors), protein degradation by the 26S proteasome pathway (e.g. F-box proteins, ubiquitin metabolising genes) or by proteases, chaperones (heat shock proteins, DnaJ), organelle biogenesis and function (Pentatricopeptide repeat containing proteins), transport (e.g. amino acids, sugars, nitrate, peptides), cell wall synthesis and modification (e.g. extensins, expansins, cellulose synthases), chromatin organization and modification (e.g. 'chromo' domain containing proteins), biotic stress (nucleotide binding site -- leucine rich repeat (NBS-LRR) type resistance genes) and retrotransposons (gag-pol polyproteins, integrase core domain containing proteins) (Additional files [3](#MOESM3){ref-type="media"}, [4](#MOESM4){ref-type="media"}, [5](#MOESM5){ref-type="media"}, [6](#MOESM6){ref-type="media"} and [7](#MOESM7){ref-type="media"}).

SolCAP SNPs with differential allele frequencies in QUEST case-control populations {#Sec12}
----------------------------------------------------------------------------------

The same genotypes as used for genotyping by RAD sequencing were genotyped for 8303 SolCAP SNPs. Genotyping was highly reproducible as assessed by comparing the results of replicated genotypes. Genotype calling resulted in 7454 SNPs (89.8%) that could be assigned to one of the five genotype classes *AAAA, AAAB, AABB, ABBB* and *BBBB*. The SNPs were tested for differential allele frequency between cases and controls and ordered according to the *p*-value. SNPs with differential allele frequencies at *p* \< 0.01 were selected and further analysed. This resulted in 204 differential SNPs in the TSC, 85 in the TY and 55 in the TSY case-control populations. Eight of these SNPs did not map to the physical chromosome maps and were not considered further. When combining the differential SNPs from the three case-control populations, differential allele frequencies of total 306 SNPs in 275 genes on all potato chromosomes were observed (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, chromosomes a and b, Additional file [8](#MOESM8){ref-type="media"}). Eighty three percent of the differential SolCAP SNPs co-localized within less than 0.5 Mbp with 81 peaks in the distribution of genes with differential RADseq SNPs (Additional file [8](#MOESM8){ref-type="media"}). If a SNP was significant at *p* \< 0.01 for one trait, values of *p* \< 0.05 for the other two traits were also included in the comparison among the case-control populations. Based on this comparison, forty five SNPs showed differential allele frequencies in both the TSC and TY case-control populations. As observed for the same category of SNPs in RADseq, these SNPs showed an antagonistic allele effect: the allele with higher frequency in the HIGH-TSC compared to the LOW-TSC population had lower frequency in the HIGH-TY compared to the LOW-TY population and vice versa. Forty three and seventeen SNPs showed differential allele frequencies in both the TY and TSY and both the TSC and TSY case-control populations, respectively. The allele effect on both traits had the same direction (Additional file [8](#MOESM8){ref-type="media"}). Fifteen SNPs showed differential allele frequencies in all three case-control populations. With one exception (solcap_snp_c1_5656), the allele effect in the TSC population was opposite to the effect in both the TY and TSY populations (Additional file [8](#MOESM8){ref-type="media"}). Solcap_snp_c1_5656 was located in locus DMG401025958 annotated as 'glycine-rich protein' \[[@CR50]\]. The same gene was detected by differential RADseq SNPs.

Association analysis of genes with differential SNPs in the QUEST case-control populations {#Sec13}
------------------------------------------------------------------------------------------

In order to test, to what extent SNPs with differential allele frequency in the QUEST case-control populations show association with TSC, TY and/or TSY in the whole QUEST population (*n* = 264), we selected eleven candidate genes for association analysis (Table [3](#Tab3){ref-type="table"}). Primers for PCR amplification were designed for gene fragments which included 32 differential SNPs in the case-control populations. In total 83 SNPs and one deletion were scored in the whole QUEST population, either in amplicon sequences or by pyrosequencing (Additional file [2](#MOESM2){ref-type="media"}). Based on association analysis using a mixed linear model which considered kinship and population structure, twenty SNPs in nine genes were associated with TSC, TY, TSY or all three traits (Table [4](#Tab4){ref-type="table"}). Sixteen of these twenty associated SNPs were also detected by differential allele frequencies in the case-control populations, whereas four were novel.Table 3The genes analysed for association with TSC, TY and TSY in the whole QUEST populationLocus^a^Chromosome: \[Mbp\] (4.03)Annotation (locus acronym)Differential SNPs (No. of SNPs in RADseq)Differential for traits (No. of SNPs)Function categoryDMG401006826I: 64.5Aldehyde oxidase (*AOX*)RADseq (3 SNPs \*)^b^TY (3), TSY (3)Hormone synthesis, reactive oxygen species \[[@CR65]\]DMG400018273I: 79.2NADPH:adrenodoxin oxidoreductase, mitochondrial (*ADXR*)RADseq (8 SNPs)TSC (1), TY (7), TSY (5)Steroid metabolism (uniprot/P22570)^c^DMG400010234II: 32.0Cysteine protease Cp5 (*CP5*)RADseq (13 SNPs)TSC (13), TY (8)Protein degradation \[[@CR66]\]DMG400030664II: 42.1Sporulation protein RMD5 (*SpRMD5*)RADseq (25 SNPs)TSC (8), TY (19), TSY (14)Regulation of gluconeogenesis (uniprot/Q12508)DMG400030565V: 3.7Fructose-bisphosphate aldolase *(FBA)*solcap_snp_c2_11924TSCGlycolysis, gluconeogenesis, Calvin cycle \[[@CR67]\]DMG400007286VI: 0.2Chloroplast protein 12 (*CP12.1*)solcap_snp_c2_54011TY, TSY, TSCCalvin cycle \[[@CR68]\]DMG400020173VI: 58.2Mak, serine/threonine protein kinase (*MAK*)RADseq (9 SNPs \*)TSC (4), TY (9), TSY (6)Posttranslational regulation https://www.ncbi.nlm.nih.gov/gene/4117DMG400020103VI: 58.2Glycosyltransferase QUASIMODO1 (*QUA1)*solcap_snp_c2_9201, 9202, 9203TY (3), TSY (2)Pectin synthesis, cell wall \[[@CR69]\]DMG400017649IX: 44.1Pentatricopeptide repeat-containing protein (*PPR*)RADseq (13 SNPs \*)TSC (11), TY (11)Organelle biogenesis and function \[[@CR70], [@CR71]\]DMG400029622IX: 58.460S acidic ribosomal protein P0 (*RP60S*)solcap_snp_c2_3063TY, TSYProtein synthesis \[[@CR72], [@CR73]\]DMG400007797XII: 1.3Citrate synthase (*CIS*)RADseq (3 SNPs \*), solcap_snp_c2_25372TSC (2), TY (2)Tricarboxylic acid cycle, carbohydrate metabolism (uniprot/Q43175)^a^Details in Additional files [3](#MOESM3){ref-type="media"} and [8](#MOESM8){ref-type="media"}^b^\* indicates that at least one SNP caused an amino acid change^c^Entry in the uniprot database (<http://www.uniprot.org>/) Table 4SNPs associated with TSC, TY and TSY in the QUEST population (*n* = 264)SNP nameSNP alleles *phu/tbr*ChromosomeMinor allele frequency^a^TSC (R^2^)^b^TY (R^2^)^b^TSY (R^2^)^b^SNP differential in case-control population for*ADXR_SNP5705 (5710)* ^c^T/CI0.491 (C)ns\* (2.0) ↑\*\* (3.5) ↑TY, TSY, TSC*CP5_SNP3041*C/TII0.442 (C)\*\*\* (5.1) ↑nsnsTSC, TY*FBA_SNP_c2_11924*C/TV0.103 (T)\*\* (3.0) ↑\* (1.4) ↑\*\* (3.8) ↑TSC*CP12.1_SNP_c2_54011*C/TVI0.082 (T)ns\*\* (3.1) ↓\* (2.1) ↓TY, TSY, TSC*MAK_SNP7832 (7475, 7634 7588)*T/CVI0.467 (T)ns\*\*\* (5.0) ↓\*\* (3.5) ↓TY, TSY*MAK_SNP7576*G/AVI0.491 (A)ns\*\*\* (4.6) ↓\*\*\* (5.9) ↓TSC, TY, TSY*MAK_SNP7884*A/CVI0.113 (A)ns\*\* (2.8) ↑\* (1.5) ↑novel*QUA1_SNP_c2_9204*G/AVI0.452 (G)ns\*\* (2.7) ↓\* (1.8) -novel*QUA1_SNP9502*G/AVI0.070 (G)ns\*\* (3.3) ↑\* (1.8) -novel*QUA1_SNP_c2_9203*C/GVI0.453 (C)ns\*\* (3.0) ↓\* (2.2) -TY, TSY*PPR_SNP7181*T/CIX0.495 (C)\*\*\* (4.8) ↑nsnsTSC, TY*PPR_SNP7037 (7077)*C/TIX0.440 (T)\*\* (3.1) ↑nsnsTSC, TY*PPR_SNP7083*A/GIX0.318 (G)\*\* (2.2) -nsnsTSC, TY*RP60S_SNP_c2_3063*T/CIX0.157 (T)\* (1.3) ↑\* (2.0) ↑\*\* (3.9) ↑TY, TSY*CIS_SNP4479*C/GXII0.438 (C)\*\*\* (4.2) ↓nsnsnovelAssociations of SNPs with a minimum minor allele frequency of 1% and at least one association at *p* \< 0.01 are shown^a^The minor frequency allele is shown in parenthesis^b^ns = not significant at α =0.05; \* significant at α = 0.05, \*\* significant at α = 0.01, \*\*\* significant at α = 0.001; Arrows indicate the effect of the minor frequency SNP allele on the trait compared to the population mean: ↑ increasing, ↓ decreasing, − ambiguous^c^Numbers in parenthesis identify SNPs in nearly complete LD that showed similar associations

Association analysis of SolCAP SNPs with tuber starch content in the PIN184 population {#Sec14}
--------------------------------------------------------------------------------------

The PIN184 population was evaluated for tuber starch content over three years in replicated field trials. The phenotypic distribution of TSC (adjusted means) in the PIN184 population is shown in Fig. [4](#Fig4){ref-type="fig"}. Genotyping the PIN184 population for 8303 SolCAP SNPs yielded 6286 SNPs with genotype calls \[[@CR36]\]. Association analysis using a mixed model that corrected for kinship resulted in 127 SolCAP SNPs in 117 genes which were associated with TSC at *p* \< 10^−4^. Seventy five percent of the associated SolCAP SNPs co-localized within less than 0.5 Mbp with 50 peaks in the frequency distribution of genes with differential RADseq SNPs in the QUEST case-control populations (Additional file [9](#MOESM9){ref-type="media"}). The positions of the genes with associated SolCAP SNPs on the potato physical chromosome maps are shown in Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, chromosomes a.Fig. 4Histogram of adjusted means of tuber starch content (TSC) in the PIN184 population

Identity between SNPs, genes and genomic regions identified by different genotyping methods and in different genetic backgrounds {#Sec15}
--------------------------------------------------------------------------------------------------------------------------------

Identity was low between differential or associated SNPs detected in the three experiments (SolCAP SNP genotyping and RAD sequencing in the QUEST case-control populations, SolCAP SNP genotyping in the PIN184 poplation). Six of 306 SolCAP SNPs with differential allele frequency in the QUEST case-control populations were also detected by RAD sequencing in the same populations (SolCAP SNPs c2_14491, c2_16424, c2_2506, c2_7558, c2_22939, c2_12265, Additional file [8](#MOESM8){ref-type="media"}). The six corresponding genes were annotated as NBS-LRR protein (DMG400006800), zeta-carotene desaturase (DMG400022473), xyloglucan endotransglucosylase/hydrolase 1 (DMG400024755), mannose-6-phosphate isomerase (DMG400026392), serine-threonine protein kinase (DMG400043061) and CSN5 protein (DMG400009240). Seven of 127 SolCAP SNPs associated with TSC in the PIN184 population had differential allele frequencies in one, two or all three QUEST case-control populations. Five were detected by SolCAP SNP genotyping (c2_13751, c2_4708, c2_21313, c2_26858, c2_50302) and two by RAD sequencing (c2_11766, c2_1918) (Additional file [9](#MOESM9){ref-type="media"}). The corresponding genes encoded a conserved gene of unknown function (DMG400006766), phenylpropanoid: glucosyltransferase 1 (DMG400025878), starch phosphorylase PHO1a (not annotated), transcription factor B3 (DMG400027236), a methyltransferase (DMG400031262, see below), a serine-threonine protein kinase (DMG400000810) and a kinase (DMG400029885, see below).

Higher correspondence was observed between the experiments when the comparison was based on the genes containing differential or associated SNPs. Seventy two identical genes were detected by SolCAP SNP genotyping as well as RAD sequencing in one, two or all three QUEST case-control populations (Additional file [10](#MOESM10){ref-type="media"}). Importantly, forty two identical genes were detected in both the PIN184 and the QUEST case-control populations. Three genes, annotated as methyltransferase (DMG400031262), kinase (DMG400029885) and copper ion binding protein (DMG400027986) on chromosomes V and IX were detected in all three experiments (Table [5](#Tab5){ref-type="table"}). When the window for the comparison was widended to genomic regions, where genes associated with TSC in the PIN184 population co-localized with differential SNPs for TSC, TY and TSY in the QUEST case-control populations, either within 0.5 Mbp with SolCAP SNPs and/or with peaks in the frequency distribution of genes with differential RADseq SNPs, 46 genomic regions between one and four Mbp width were distinguished (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, Additional files [4](#MOESM4){ref-type="media"}, [8](#MOESM8){ref-type="media"} and [9](#MOESM9){ref-type="media"}).Table 5Identical genes detected by two genome wide genotyping methods in the QUEST case-control and PIN184 populationsLocus PGSC0003Chromosome: Mbp (v4.03)AnnotationQUEST cases/controls SolCAP SNPsQUEST cases/controls RADseq SNPsPIN184 GWAS SolCAP SNPsFunction categoryDMG400006283I:60.5ABC-transporter-TSCTSCTransport \[[@CR64]\]DMG400006766I:64.6Conserved gene of unknown functionTSC, TSY-TSCUnknownDMG400000010I:71.4Glycosyltransferase-TYTSCCell wall biosynthesis \[[@CR74]\]DMG400025878I:84.2Phenylpropanoid:glycosyltransferase 1TSC-TSCPhenylpropanoid metabolism \[[@CR75]\]DMG400030954I:86.4Beta-galactosidase-TSC, TY, TSYTSCCarbohydrate metabolism (uniprot/P48980)DMG400003324II:22.6Squalene epoxidase-TY, TSYTSCCyclic triterpenoid biosynthesis \[[@CR76]\]DMG400006975II:26.7Chloride channel/carrier, CLC-Nt2-TSC, TY, TSYTSCTransport \[[@CR77]\]DMG400001369II:45.4Kinase-TSC, TY, TSYTSCPhosphorylation of specific substrates (proteins, lipids, carbohydrates and others)Solyc03g065340 ^3^III:?Starch phosphorylase PHO1aTSC-TSCStarch degradation \[[@CR17]\]DMG400025328III:53.3Plasma membrane ATPase 3-TY, TSYTSCProviding energy for transport \[[@CR78]\]DMG400024596III:54.1Protein kinase ATMRK1-TSCTSCPosttranslational regulation \[[@CR79]\]DMG401024510III:54.6EnolaseTSC-TSCGlycolysis, central metabolismDMG400014223III:57.64-coumarate-CoA ligase 2-TSC, TYTSCPhenylpropanoid biosynthesis (uniprot/O24146)DMG400029505IV:3.0NB-LRR protein required for HR- associated cell death 1 (NRC1)-TSC, TYTSCBiotic stress \[[@CR80]\]DMG400011479IV:6.2Glycogenin-like starch initiation protein 6-TSC, TYTSCCarbohydrate metabolism (AT5G18480)DMG400027236IV:9.8Transcriptional factor B3TSC-TSCTranscription regulation (IPR003340)DMG400003751IV:70.2Bel1 homeotic protein-TSC, TY, TSYTSCDevelopment \[[@CR81]\]DMG400028325V:0.32Heparanase, family-79 endo-β-glucuronidase-TSC, TY, TSYTSCCarbohydrate metabolism https://www.cazypedia.org/index.php/Glycoside_Hydrolase_Family_79Solyc05g010320 ^3^V:1.4Chalcone-flavonone isomeraseTSC-TSCAnthocyanin biosynthesis \[[@CR82]\]DMG400000810V:2.0Di-glucose binding protein with Leucine-rich repeat domain, serine-threonine protein kinase-TSC, TY, TSYTSCPosttranslational regulation \[[@CR79]\]DMG401012961V:2.1Aspartic proteinase nepenthesin-1-TY, TSYTSCProtein degradation \[[@CR83]\]DMG400031262V:5.0MethyltransferaseTSC, TSYTSC, TY, TSYTSCMethylation of specific substratesSolyc05g007070 ^3^V:5.9Alpha amylase 2TSC-TSCStarch degradationSolyc05g007030 ^3^V:6.0AT3g17900/MEB5_12TSC-TSCUnknownDMG400018605V:10.3Binding protein-TY, TSYTSCUnknownDMG400023508V:50.6Kinase-TSC, TY, TSYTSCPhosphorylation of specific substrates (proteins, lipids, carbohydrates and others)DMG400004062VI:51.2DOF domain class transcription factor-TSC, TSYTSCTranscription regulation \[[@CR84]\]DMG400033051VI:51.5Conserved gene of unknown function-TSCTSCUnknownDMG400033034VI:51.9Plasma membrane H^+^-ATPase-TSC, TY, TSYTSCProviding energy for transport \[[@CR78]\]DMG402026985VI:52.6Kinase-TSCTSCPhosphorylation of specific substrates (proteins, lipids, carbohydrates and others)DMG400012129VIII:56.4Beta-amylase 8-TSC, TYTSCStarch degradationDMG400003874IX: 4.8Splicing factor 3A subunit-TY, TSYTSCmRNA processingDMG400023084IX:8.5LMBR1 integral membrane family protein-TSCTSCLysosomal membraneDMG400004415IX:15.6Kinase-TSCTSCPhosphorylation of specific substrates (proteins, lipids, carbohydrates and others)DMG400029885IX:19.2KinaseTSCTSC, TYTSCPhosphorylation of specific substrates (proteins, lipids, carbohydrates and others)DMG400027986IX: 33.7Copper ion binding proteinTSCTSC, TYTSCCopper ion transport (IPR000428)DMG402017675IX:40.4Binding protein-TSC, TYTSCUnknownDMG400019363IX:47.7Ribosome-recycling factor, chloroplastic-TSC, TY, TSYTSCChloroplast biogenesis \[[@CR85]\]DMG400026430IX:59.3Beta-galactosidase-TSC, TYTSCCell wall metabolism \[[@CR86]\]DMG400019131X:50.6Tubulin beta-1 chain-TSC, TY, TSYTSCCytoskeleton structure (uniprot/P12411)DMG403008663XI:32.9L-lactate dehydrogenase-TSC, TYTSCAnaeorbic glycolysis (IPR011304)DMG400004642XII:60.3Lipoyl synthase, chloroplastic-TSCTSCProtein modification by lipoylation (uniprot/Q8LEE8)^1^Entry in the InterPro database (<http://www.ebi.ac.uk/interpro/>)^2^Entry in the uniprot database (<http://www.uniprot.org/>)^3^The gene is not annotated in the potato genome. Solyc\*\*g\*\*\*\*\*\* corresponds to the annotated orthologous gene in the tomato genome (<https://solgenomics.net>/)

Discussion {#Sec16}
==========

SNPs with differential allele frequencies in QUEST case-control populations for TSC, TY and TSY and their corresponding genes {#Sec17}
-----------------------------------------------------------------------------------------------------------------------------

Comparative RAD sequencing of the QUEST case-control populations resulted in a large number of differential SNPs distributed over the whole potato genome, despite a stringent Bonferroni correction for multiple testing. The genotypes in the case-control subpopulations were pooled in order to homogenize different genetic backgrounds of the individual genotypes analogous to the well known bulked segregant analysis (BSA) \[[@CR51]\]. As in BSA, the homogenization of genetic background by genotype pooling was probably incomplete and resulted in an unknown fraction of differential SNPs that are unlinked to QTL for TSC and TY. This could be the reason for a background noise of genome wide distributed differential SNPs. The fact that only nine of eleven tested genes with differential SNPs could be validated by association analysis in the whole QUEST population also indicated a contamination of the RADseq data with false positive differential SNPs. Validation of physical linkage or eventually identity with QTL for TSC, TY and TSY of individual candidate genes is therefore required. This can be done by association analysis in the unselected QUEST population, by testing for reproducibility with different genotyping methods and in different populations as performed in this study, and by functional analysis of most promising candidate genes.

The majority of differential SNPs in the QUEST case-control populations showed differential allele frequency between the HIGH-TSC and LOW-TSC populations, based on SNP genotyping by RAD sequencing as well as by the SolCAP SNP chip. The same observation applied to the number of genes with differential SNPs. Possible reasons for this observation are that more genes control tuber starch content than tuber yield, or that many genes with small effect on tuber yield were below detection level. Alternatively, the phenotypic selection of the HIGH-TY and LOW-TY genoptypes might have been less effective due to the lower heritability of tuber yield compared with starch content \[[@CR12]\], resulting in less power to detect genetic effects on tuber yield. Twenty percent of the SNPs differential for TSC were also differential for TY but with antagonistic allele effect. The allele with a positive effect on TSC was compromised by a negative effect on TY and vice versa. This antagonism neutralized the effects on TSY. The number of differential SNPs for TSY was therefore lower compared with its components TSC and TY. The same effect was observed for most SNPs differential in all three case-control populations. In these cases however, the allele effect on TSY was not completely neutralized by the antagonistic effect on TSC and TY. This shows that the relative amounts of starch and water, which are the major constituents of total tuber yield, are partly controlled by a common set of genes and explains the previously observed negative phenotypic correlation between tuber starch content and yield \[[@CR16], [@CR18]\]. In contrast, the alleles of 88 RADseq and one SolCAP SNP showed the same or a neutral direction of effect on TSC, TY and TSY. The corresponding genes were located on all chromosomes, with clusters on the south arms of chromosomes I, II, III, VI, IX and XII and the north arms of chromosomes V, VI, VIII, X, XI and XII (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). These SNPs with unidirectional effect are particularly interesting for breeding applications, as they allow the simultaneous selection of positive alleles for tuber starch content and yield.

More SNPs were differential for both TY and TSY than for TSC and TSY, and the same was true for the corresponding genes. This indicates that tuber starch yield was more strongly influenced by genes controlling tuber yield than starch content.

Eighty percent of the genes detected by RAD sequencing contained multiple differential SNPs, and the largest fraction of these contained different SNPs that were differential for TSC, TY, TSY and combinations thereof (Table [1](#Tab1){ref-type="table"}). Many of these SNPs were most likely redundant due to high linkage disequilibrium (LD) between SNPs within the same gene or between physically closely linked genes. A direct estimate of LD was not possible in the QUEST case-control populations though due to the necessity to pool the genotypes. The allele counts of individual genotypes were insufficient in numbers for statistical analysis. Symptoms for the presence of LD were different SNPs with nearly identical allele counts in the HIGH and LOW populations, and the local peaks observed in the frequency distribution of genes with differential RADseq SNPs on the physical chromosome maps (see below). On the other hand, the allele counts of many differential SNPs within the same locus were not obviously correlated. Genome wide genotyping of the QUEST case-control populations clearly showed that hundreds of genes influence TSC and TY. Even in case they function independently, many of them will be located physically close enough to each other such that their allele effects overlap due to LD between physically linked loci. Consequently, multiple differential SNPs with independent allele counts in the the HIGH and LOW populations will be observed within the same locus. The same observation can be explained by pleiotropic effects of multiple alleles of the same gene.

Comparison between genome wide genotyping methods {#Sec18}
-------------------------------------------------

The three QUEST case-control populations for TSC, TY and TSY were genotyped for genome wide SNPs on the one hand by RAD sequencing and on the other with the 8.3 K SolCAP SNP chip. The main difference between the two genotyping methods was the genome coverage, which was two orders of magnitude higher in RAD sequencing. The average physical distance between SNPs was approximately 1.25 kbp in RAD sequencing and 100 kbp between SolCAP SNPs. The average SNP frequency in the genome of tetraploid potatoes is one SNP in every twenty to thirty base pairs \[[@CR52]\]. Both genotyping methods were therefore far from capturing the full DNA diversity among potato cultivars. The selection of SNPs for the SolCAP chip was technically biased by the requirements for allele detection and quantification with the Infinium SNP assay (ca. 50 bp sequence surrounding the SNP should be void of other SNPs) and to some extent biologically, as a portion of the 8303 SNPs was selected from candidate genes \[[@CR38]\]. RAD sequencing was technically biased by the frequency and distribution of the *Kpn*I restriction site used for generating the RAD libraries. The SolCAP SNPs represented a small fraction of the DNA variation among five US varieties and the European variety Bintje \[[@CR34]\], whereas RAD sequencing captured a larger fraction of the DNA variation of ninety mostly European cultivars and breeding clones \[[@CR12]\]. The detection of identical, differential SolCAP SNPs by RAD sequencing was therefore rather unexpected. Nevertheless, six differential SolCAP SNPs were also detected by RAD sequencing, which confirms that the corresponding genes are closely linked to a QTL. The correspondence between the two genotyping methods increased, when the comparison was based on the identity of the genes detected with both methods but mostly with different SNPs. In this case, 72 of 275 genes (26%) with differential SolCAP SNPs were also detected by differential RADseq SNPs. When the window for the comparison was further widended to physical genome segments, where differential SolCAP SNPs co-localized with peaks in the frequency distribution of genes with differential RADseq SNPs, 83% of the differential SolCAP SNPs fulfilled this condition. This points to the fact that short distance LD within genes and longer distance LD between physically linked genes (haplotype blocks) strongly influenced the numbers of the detected differential SNPs and their corresponding genes.

The numbers of genes with differential SNPs obtained with RAD sequencing were one order of magnitude higher than with the SolCAP SNP array, most likely due to inflation by extensive LD between differential SNPs in physically closely linked genes, only one of which might have a genuine effect on the phenotype. Although a direct estimate of LD was not possible in the case-control populations (see above), we assumed that LD caused the peaks observed in the frequency distribution of genes with differential RADseq SNPs on the physical chromosome maps (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, Additional file [5](#MOESM5){ref-type="media"}). We further assumed that the peak width from less than 0.5 Mbp up to 4 Mbp was an indicator for the size of haplotype blocks in the QUEST population. Recently, an LD decay between 0.6 and 2.5 Mbp in euchromatic regions was reported in a population of 537 tetraploid potato varieties \[[@CR53]\], which is in good agreement with most peak widths observed in this study. The observation of larger, three to four Mbp wide peaks on chromosomes I, III, VI, X and XII might be the result of overlapping haplotype blocks and lack of resolution. We conclude from these observations that several hundred rather than several thousand genes control the natural variation of tuber starch content, yield and starch yield in the QUEST population.

Comparison between different genetic backgrounds. {#Sec19}
-------------------------------------------------

GWAS in the PIN184 population with the SolCAP SNP chip allowed a comparison of QTL for TSC in different genetic backgrounds, which were evaluated in different geographical regions. The QUEST population was evaluated in northern Spain \[[@CR12]\] and the independent PIN184 population in northern Germany \[[@CR41]\]. The overlap between the populations was again low on the level of identity between associated SNPs in the PIN184 and differential SNPs in the QUEST case-control populations. The seven SolCAP SNPs that were indeed identical, and the corresponding genes are particularly interesting for breeding applications, as they showed reproducible effects on TSC irrespective of genetic background and environment. Among those was the starch phosphorylase gene *PHO1a* on chromosome III, a well characterized functional candidate gene that was also associated with TSC in two additional, independent populations, although with different SNPs \[[@CR14], [@CR16], [@CR18]\]. There is evidence that *PHO1a* is one of the causal genes for tuber starch content QTL \[[@CR17]\]. On the level of gene identity, 42 of 127 (33%) genes with associated SolCAP SNPs in the PIN184 population were also detected by differential SNPs in the QUEST case-control populations (Table [5](#Tab5){ref-type="table"}). The highest overlap between QTL in the two genetic backgrounds was again observed when the comparison was extended to physical genome segments, where associated SolCAP SNPs in the PIN184 population co-localized with differential SNPs in the QUEST case-control populations. The 46 defined genomic regions cover approximately 82 Mbp of the potato genome and include QTL for TSC, TY and TSY. Several of these QTL regions also show good correspondence with TSC- and TY- QTL detected in previous linkage studies in various diploid and tetraploid mapping populations, discussed in \[[@CR12]\], particularly on chromosomes I (QTL regions 1 to 5), II (QTL regions 6 to 10), III (QTL regions 12 and 13), V (QTL regions 19, 20 and 23), VII (QTL region 26), VIII (QTL region 27 and 28) and XII (QTL region 46) (Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}). The genes in the 46 QTL regions are promising candidates for the identification of DNA markers for all three complex traits, with diagnostic power in multiple populations and environments.

Two additional populations of tetraploid varieties and breeding clones different from the QUEST and PIN184 populations studied here, have been previously phenotyped, among other traits, for tuber starch content and yield \[[@CR14], [@CR18]\]. The same populations have been genotyped for DNA polymorphisms in candidate genes, the majority of which function in carbohydrate metabolism and transport. The QUEST population has also been genotyped with SNPs in several candidate genes \[[@CR12]\]. These previous association analyses identified DNA variants in 39 genes that were associated with TSC, TY and/or TSY (details in Additional file [11](#MOESM11){ref-type="media"}). Under the cut off conditions used for data analysis in the present study, fifteen of these genes (38%) were detected by differential SNPs in the QUEST case-control populations, twelve by RADseq, one by a SolCAP SNP and two by both RADseq and SolCAP SNPs. SolCAP SNPs in two of these genes were also associated with TSC in the PIN184 population (Additional file [11](#MOESM11){ref-type="media"}, Figs. [2](#Fig2){ref-type="fig"} and [3](#Fig3){ref-type="fig"}, chromosomes c). Less stringent conditions for *p* values and analysed genomic sequences could increase the overlap between results of the candidate gene and the genome wide approach.

Eight of the ten candidate loci associated with TSC, TY or TSY in the whole QUEST population \[[@CR12]\] were not detected by RAD sequencing in the QUEST case-control populations. Reasons could be the incomplete genome coverage by RAD sequencing, and that the case-control study design is not fully equivalent to association mapping in an unselected population. Vice versa in the present study, only one half of 32 differential SNPs in the QUEST case-control populations but nine of the eleven corresponding genes were reproducible by association analysis in the whole QUEST population. Similarly, the *PHO1a* locus was detected by the same SolCAP SNP in the QUEST case-control population for TSC as well as in the unselected PIN184 population (see above), whereas the marker for a specific *PHO1a* allele diagnostic for higher tuber starch content \[[@CR16], [@CR17]\] was not associated in the whole QUEST population \[[@CR12]\].

These comparisons show that the results obtained with different study designs and genotyping strategies in different genetic backgrounds partially overlap. Such comparisons are novel in potato genome analysis and highly useful for selecting the most promising candidate genes for breeding applications as well as further functional studies.

Novel candidate genes for TSC, TY and TSY {#Sec20}
-----------------------------------------

RAD sequencing provided the highest genome coverage of the three experiments described in this study. RAD sequencing offered therefore the best chance that some among the 6664 genes with differential RADseq SNPs are causal for TSC-, TY- and TSY-QTL. Enriched for such genes should be the 2308 genes with differential SNPs causing amino acid changes, although we cannot exclude that some amino acid changes deduced from sequence alignment are artefacts caused by the algorithm used for mapping the sequence reads \[[@CR54]\]. Stringent filtering for differential SNPs with the smallest FDR values (FDR \< 0.0001) and causing amino acid changes resulted in 450 genes, which might be considered as primary functional candidates for TSC-, TY- and TSY-QTL. Hardly any of these genes has been functionally characterized in potato. Except one hexose transporter (DMG400031832), this set did not include genes with a direct function in starch metabolism \[[@CR17]\]. The largest fraction comprised genes with unknown or unspecified function with respect to the pathway involved (e.g. DMG400008990, DMG400028376 and DMG400038781). Next to this, signalling, transcriptional and posttranscriptional regulation seem to have important roles for TSC and TY. Multiple genes with highly differential SNPs were in this categories, which were annotated as receptor-like kinases (e.g. DMG401027271), transcription factors (e.g. DMG400000459), protein kinases and phosphatases (e.g. DMG400002885, DMG400011440), F-box proteins and ubiquitin ligases (e.g. DMG401031260, DMG400009902). In the same context of cellular regulation belongs protein homeostasis regulated by synthesis (e.g. DMG401026390), conformation stability by chaperones (e.g. DMG400008355) and degradation by proteases (e.g. DMG400028471) or the 26S proteasome pathway (see above). A number of genes encoding 'chromo' (chromatin organization modifier) domain containing proteins (e.g. DMG400043455) suggest that transcriptional regulation through chromatin structure and modification \[[@CR55]\] contributes to the natural variation of TSC and TY. Chromatin organization might also be a biological explanation for the fact that several genes typical for retroelements such as 'integrase core domain containing protein' (e.g. DMG400015917) and 'Gag-pol polyprotein'(e.g. DMG400038533) were found even among the 450 top candidate genes \[[@CR56]\]. Alternatively, the effects observed at these loci might be indirectly caused by LD, as they were mostly located in central, heterochromatic chromosomal regions where LD is very extensive \[[@CR53]\]. Numerous genes encoding structural components of the cell wall and the cytoskeleton as well as cell wall modifying enzymes also contained highly differential SNPs. Most remarkable in this category were two clusters of extensin genes on chromosome XII between 51 and 53 Mbp and between 60.7 and 60.8 Mbp, which are excellent candidates for the TSC-, TY- and TSY-QTL on the long arm of chromosome XII. Extensins have essential roles in building and maintaining the growing primary cell wall \[[@CR57]\]. Transport processes seem to be important as well (e.g. DMG400022183). The category 'biotic stress' was represented by multiple genes with differential SNPs, such as putative genes for pathogen resistance (e.g. DMG400006800), the *PR1* gene (DMG400037874) and a cluster of methylketone synthase genes possibly involved in insect resistance \[[@CR58]\] between 85.0 and 85.3 Mbp on chromosome I in QTL region 5. In the case of biotic stress it is clear that the effects on TY, TSC and TSY are indirect, caused by the obvious fact that susceptibility to pests and pathogens reduces crop yield.

Conclusions {#Sec21}
===========

This is the first study, which physically dissects and maps QTL for potato tuber starch content, yield and starch yield based on genome wide, high troughput genotyping methods and the potato genome sequence. Comparative genotyping of three case-control populations by RAD sequencing and the 8.3 k SolCAP SNP array showed that 8303 SolCAP SNPs were not sufficient for the comprehensive tagging of QTL for TSC, TY and TSY in the potato genome, whereas 600,000 RADseq SNPs tagged most QTL redundantly due to LD within genes and between physically linked genes. Neither method captured fully the DNA diversity present in tetraploid potato cultivars. Comparative RAD sequencing of the QUEST case-control populations identified, depending on the criteria for data filtering, between 450 and 6664 annotated genes with differential SNPs for TSC, TY, TSY and combinations thereof. Based on a small sample of eleven genes, approximately half of the differential SNPs in 80% of the genes could be confirmed by association analysis in the unselected QUEST population. The 450 genes which contained highly differential SNPs causing amino acid changes, are considered as primary functional candidates for controlling the natural variation of tuber yield and starch content. TSC and TY are partially controlled by identical genes with pleotropic effects. In the majority of cases, a positive effect on yield was confounded by a negative effect on starch content and vice versa. However, 89 SNP alleles had synergistic effects on TY, TSY and TSY. These SNPs and the corresponding 72 genes are primary targets for the development of diagnostic markers for breeding applications. The positions of the genes with differential SNPs on the physical chromosome maps of potato suggest that at least 200 QTL regions with one or more underlying genes on all chromosomes control the natural variation of tuber starch content and yield, and consequently starch yield, in the QUEST population. GWAS for tuber starch content in the independent, unselected PIN184 population using the SolCAP SNP chip identified SNPs associated with TSC in 117 genes. The comparison of the physical QTL maps of the QUEST and the PIN184 population identified genomic regions, which harbour QTL for TSC, TY and TSY across genetic backgrounds and environments.
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Additional file 1:Phenotypic values (adjusted means) of 90 cultivars of the QUEST population used for the assembly of case-control groups with high (1) and low (0) tuber starch content (TSC), yield (TY) and starch yield. (TSY) (XLSX 15 kb) Additional file 2:Sequences, primers, annealing temperatures, SNP positions and nucleotide alleles of eleven genes fragments analysed in the QUEST population (*n* = 264) for association with TSC, TY and TSY. (DOCX 23 kb) Additional file 3:Alleles and allele counts of differential RADseq SNPs (FDR \< 0.05) in 6664 annotated genes in the QUEST case-control populations. Trait TSC is highlighted blue, TY orange and TSY green. SNPs differential for two traits are highlighted yellow. SNPs differential for all three traits are highlighted red. (XLSX 8035 kb) Additional file 4:Alleles and allele counts of differential RADseq SNPs in 3144 annotated genes with at least one SNP at FDR \< 0.001 in the QUEST case-control populations. Trait TSC is highlighted blue, TY orange and TSY green. SNPs differential for two traits are highlighted yellow. SNPs differential for all three traits are highlighted red. Loci highlighted dark green contain SNPs with FDR \< 0.0001 and causing amino acid changes. (XLSX 2822 kb) Additional file 5:Distribution of 3144 annotated genes with differential RADseq SNPs on the physical chromosome maps at a resolution of 0.5 Mbp. Intervals with at least 10 genes per 0.5 Mbp are highlighted yellow. (XLSX 37 kb) Additional file 6:Alleles and allele counts of RADseq SNPs with differential allele frequencies (FDR \< 0.05) in two case-control populations: TSC and TY, TSC and TSY or TY and TSY. Trait TSC is highlighted blue, TY orange and TSY green. (XLSX 1349 kb) Additional file 7:Alleles and allele counts of RADseq SNPs with differential allele frequencies (FDR \< 0.05) in all three case-control populations: TSC, TY and TSY. Trait TSC is highlighted blue, TY orange and TSY green. SNPs with unidirectional or neutral effect on the three traits are highlighted dark green. (XLSX 610 kb) Additional file 8:Differential SolCAP SNPs in 275 genes in the QUEST case-control populations. Trait TSC is highlighted blue, TY orange and TSY green. (XLSX 84 kb) Additional file 9:SolCAP SNPs in 117 genes associated with TSC in the PIN184 population. (XLSX 38 kb) Additional file 10:Identical genes detected by differential SolCAP and RADseq SNPs in the QUEST case-control populations. (DOCX 24 kb) Additional file 11:Identity of genes detected in previous association studies using the candidate gene approach with genes detected in this study. (DOCX 18 kb)

AFLP

:   Amplified fragment length polymorphism

BSA

:   Bulked segregant analysis

FDR

:   False discovery rate

GWAS

:   Genome wide association study

NBS-LRR

:   Nucleotide binding site-leucine rich repeat

PCR

:   Polymerase chain reaction

QTL

:   Quantitative trait locus

RADseq

:   Restriction-site associated DNA sequencing

RFLP

:   Restriction fragment length polymorphism

SNP

:   Single nucleotide polymorphism

TSC

:   Tuber starch content

TSY

:   Tuber starch yield

TY

:   Tuber yield.
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